. Mass-balance measurements over the period 1999/2000 show that accumulation at GPM was ten times greater than that at GA, but ablation was only three times greater. The mass-balance-altitude profile is similar for the two glaciers; differences in the massbalance distribution are caused by differences in the accumulation-area ratio (AAR). Our results suggest that the AAR and the calving flux exert strong control on the evolution of glaciers in the region.
INTRODUCTION
The Northern Patagonia Icefield (3976 km 2 ; Davies and Glasser, 2012) and the Southern Patagonia Icefield (SPI) (12 550 km 2 ; Skvarca and others, 2010) form the largest temperate mountain glacier system in the Southern Hemisphere. Of the 69 major outlet glaciers in the region, 62 calve into lakes and the ocean (Aniya, 1999) . Previous studies show that most major calving glaciers in Patagonia have been retreating over the past few decades (Aniya and others, 1997; Masiokas and others, 2009; Lopez and others, 2010; Willis and others, 2012; Sakakibara and Sugiyama, 2014) . As a consequence, the icefields have been losing ice mass and contributing to the sea-level rise (e.g. Rignot and others, 2003; Rivera and others, 2007; Willis and others, 2012) .
Recent glacier variations in Patagonia are not uniform (Sakakibara and Sugiyama, 2014) . For example, Glaciar Upsala has been retreating and thinning since 2008 at rates significantly greater than those of other glaciers (Muto and Furuya, 2013; Sakakibara and Sugiyama, 2014) . Glaciar Jorge Montt also rapidly retreated and thinned in the 1990s and 2009-11 (Rivera and others, 2012) . On the other hand, other calving glaciers have been stable or have advanced over the past few decades. For example, Glaciar Pío XI has advanced by >1000 m since the beginning of the 20th century (Aniya and others, 1997) . Glaciar Perito Moreno (GPM) also advanced at the beginning of the 20th century but has only shown small fluctuations (�500 m) since 1920 . The observations indicate that calving glacier variations in Patagonia are not controlled by climate alone as demonstrated by previous studies in other regions (Meier and Post, 1987; Benn and others, 2007; Post and others, 2011) .
Changes in surface mass balance forced by climate have caused the recent retreat of calving glaciers in Patagonia, but the sensitivity to climate forcing is different for each glacier. For instance, De Angelis (2014) studied the sensitivity of mass balance to changes in the equilibriumline altitude (ELA) using data from glaciers in the SPI. He showed that glacier hypsometry (characterized by the accumulation-area ratio (AAR)) has strong control on glacier variation in the SPI. According to studies in Greenland, Alaska and other regions (e.g. Joughin and others, 2004; Benn and others, 2007; Howat and others, 2007; Nick and others, 2009) , calving also plays a critical role in glacier variation. Calving flux is controlled by glacier dynamics under the influence of physical conditions near the terminus (e.g. bed geometry, proglacial water depth, subglacial water pressure and basal sediments) (Van der Veen, 1996; Nick and others, 2009; Sugiyama and others, 2011) . Melting of the calving front under the water is also a key component of calving glacier mass budget (Motyka and others, 2003; Rignot and others, 2010; Bartholomaus and others, 2013) , whose magnitude is controlled by water temperature, salinity and circulation in front of a glacier. All these processes influence the response of calving glaciers to changes in climatic conditions, which results in the nonuniform glacier variations observed in Patagonia.
GPM and Glacier Ameghino (GA) are freshwater calving glaciers located in the southeast SPI (Fig. 1) . They are in contact in the accumulation area, and the lower reaches are separated by 8 km. Despite their proximity, these two glaciers have shown contrasting fluctuations in recent decades, as noted by Nichols and Miller (1952) and Warren (1994) . The terminus position of GPM has been stable (�500 m) since 1920, whereas GA has retreated by 4.2 km from 1928 to 1993, similar to most of the other calving glaciers in Patagonia (Warren, 1994; Aniya and others, 1997; Skvarca and Naruse, 1997) . Thus, these two glaciers provide a unique opportunity to study key processes controlling the non-uniform response of calving glaciers to similar climate conditions. Previous studies propose the effect of the bed geometry near the terminus (Naruse and others, 1995) and valley shape (Aniya and Sato, 1995) on ice flow is the cause of the difference in glacier variations. In addition to the geometry near the terminus, Stuefer and others (2007) suggested that differences in AAR contribute to different responses under the same climate. Here we examine this hypothesis by examining the magnitude of the components of mass balance (accumulation, ablation and calving) for GPM and GA. We also extend the record of changes in surface elevation and terminus position for the two glaciers.
Recent advances in satellite remote-sensing techniques enable us to examine glacier variation patterns in detail. In particular, changes in surface elevation can be measured by comparing high-resolution digital elevation models (DEMs) obtained by satellite measurements and/or photogrammetric analysis of satellite images. In this study, we use satellite data to measure frontal positions and surface elevations in GPM and GA. The results are utilized to quantify recent frontal variations and ice thickness change. To investigate processes driving the different glacier variations, we perform mass-balance calculations and hypsometry analysis based on data obtained in this work as well as those reported in previous studies. GPM has shown only small terminus variations since 1920 compared to the other glaciers in Patagonia. Small variations that do occur are associated with the formation and collapse of an ice dam at the glacier front. Brazo Rico is often dammed by ice advancing onto Peninsula Magallanes (Fig. 1) . Damming events have been observed repeatedly since the 1930s with intervals of a few years . GA now calves into Laguna Ameghino, which formed in 1967 as a result of glacier retreat. The lake, which is separated from Lago Argentino by 3 km, is 201 m a.s.l. (Aniya and Sato, 1995) . After 1967, GA retreated rapidly for the next 9 years at a mean rate of 334 m a -1 (Warren, 1994) . The rate decreased to 20 m a -1 between 1976 and 1986, and the glacier continued to retreat, similar to many other glaciers in Patagonia. The surface velocity of GA is smaller than that of GPM, because the glacier is thinner and narrower. The surface velocity at the calving front was 0.79 m a -1 in 1994, and a similar velocity was measured from satellite data in 2008 (Floricioiu and others, 2008) . The nadir-and forward-looking images with a processing level of 1B2 (geometrically corrected data) were distributed with rational polynomial coefficient (RPC) files by the Remote Sensing Technology Center (RESTEC) of Japan. Root-mean-square errors (RMSEs) of ALOS PRISM RPC were typically 1-5 m. We processed the stereo pair images for surface elevation with the aid of the Leica Photogrammetric Suite (LPS) in the ERDAS IMAGINE (Intergraph Co.) workstation. Surface elevation was measured by referring to stereoscopic three-dimensional images by LPS at gridpoints of the SRTM DEM as described below. The generated DEMs cover 35% and 75% of the total areas of GPM and GA, respectively. We were not able to generate DEMs in the accumulation areas because no visual contrast was available over snow-covered regions and dark shadow regions. The maximum error in DEMs produced by the same method is reported as �4 m (Lamsal and others, 2011). In addition to the ALOS DEM, we used a DEM generated by interferometric synthetic aperture radar (InSAR) measurement of the SRTM during 11 days in February 2000. We used SRTM v2.1 data with absolute accuracies in the horizontal and vertical directions of 20 and 16 m, respectively (Farr and others, 2007) . The resolution of the SRTM DEM, after a projection on the area of study, was 73 m.
STUDY SITES

Glaciar Ameghino
METHODS 3.1. Surface elevation
The DEMs were compared at gridpoints of the SRTM DEM to measure glacier surface elevation change from 2000 and 2008. Error in the measured elevation change was evaluated from changes obtained outside of the glaciers, where elevation change should be zero. This error evaluation was performed on different types of terrain near GPM and GA over an area of 3.1 km 2 and an elevation range of 187-1489 m a.s.l. indicated by light blue areas in Figure 2 . The error is estimated to be �2.4 m from the RMSE.
Terminus position
We measured the terminus displacement of GPM and GA from January 1999 to October 2012, using orthorectified Landsat 7 Enhanced Thematic Mapper Plus (ETM+) band 8 and Landsat 5 Thematic Mapper (TM) band 3 (provided by the US Geological Survey at http://earthexplorer.usgs.gov/). Frontal margins of the glaciers were delineated by visual observations on a computer screen, using geographical information system software ArcGIS (ESRI, Inc.). The accuracy of this procedure was equal to the image resolutions, which were 15 and 30 m for Landsat 7 and 5 images, respectively. Changes in the terminus positions were calculated by dividing the changes in ice surface area by the width of the calving front (Moon and Joughin, 2008) .
RESULTS
Surface elevation
Surface-elevation changes were significantly different at GPM and GA. Results show ice thickening in GPM within 5 km of the terminus (Figs 2 and 3) . The elevation change within this region was 10-30 m over the 8 years, which is equivalent to an ice volume increase of 0.25 � 0.19 km 3 . Mean rate of elevation change over the studied 78 km 2 was 0.4 � 0.3 m a -1 . During this period, the glacier advanced by 230 m.
In contrast, GA showed surface lowering during the same period (Figs 2 and 3) . The elevation change was more significant in the lower reaches, and the maximum change of -51 m (-6.4 m a -1 ) was observed at 410 m from the terminus in 2000 (Fig. 3) . The mean changing rate over the 40 km 2 covered by the ALOS DEM was -2.6 � 0.3 m a -1 . This surface lowering is equivalent to an ice volume loss of 0.83 � 0.09 km 3 . Figure 4 shows variations in the terminus positions of GPM and GA from January 1999 to October 2012. GPM repeated relatively small advances and retreats, resulting in the total displacement of +30 m over the study period. The range of the variation was 270 m. The long-term variation was small, but the data show clear seasonal variations with a mean amplitude of 123 m. The glacier retreated primarily from January to June, and then advanced for the rest of the year. The mean rate of retreat from January to June was 293 m a -1 , whereas the rate of advance was 210 m a -1 . The total retreat of GA from 1999 to 2012 was 720 m, with a mean rate of 56 m a -1 (Fig. 4) . GA showed seasonal variations similar to GPM between 1999 and 2001, but it progressively retreated without a clear seasonal signal after 
Terminus position
Glacier-wide mass balance
Glacier-wide mass balance of a calving glacier is
where C sfc and A sfc are the surface mass balance over the accumulation area S c and in the ablation area S a , and D is the calving flux (Cuffey and Paterson, 2010; Cogley and others, 2011) . Surface mass balance at elevation z is given by b(z) and integrated over the surface area S. Calving speed, glacier width and ice thickness at the calving front are denoted by u D , W and H i respectively. We evaluate the three components in the glacier-wide mass-balance Eqn (1) to investigate the driving mechanism of the mass changes in GPM and GA. Net surface mass balance above and below the ELA were computed using the elevation-dependent mass-balance profile reported for GPM by Stuefer and others (2007) . To integrate the mass balance over the accumulation and ablation areas, we used hypsometry derived by the SRTM DEM in 2000 (Fig. 5a) . The calving flux D in GPM was taken from the value estimated in Stuefer and others (2007) , and that for GA was calculated from ice thickness (Warren and Aniya, 1999) , flow speed near the terminus (Floricioiu and others, 2008) and terminus position changes obtained in this study. Table 1 shows the glacier-wide mass balance and its components computed for GPM and GA for the 1999/2000 balance year. The glacier-wide mass balance is -0.1 � 0. ). It is likely that the difference is a result of the different surface area and different AAR used in that study. Here we assume that our mass-balance calculation is sufficiently accurate to discuss processes controlling the mass change of the glaciers. Table 1 . Glacier-wide mass balance (�M), surface mass balance integrated over the accumulation area (C sfc ) and ablation area (A sfc ) and calving flux (D). C sfc and A sfc were calculated from the hypsometry (Fig. 5a ) and the mass-balance profile reported by Stuefer and others (2007) for the 1999/2000 balance year (Fig. 5b) . D for GPM is after Stuefer and others (2007) whereas D for GA was calculated in this study. Also indicated are glacier-wide specific mass balance (�M/S) and the rate of surface elevation change measured by the DEM differentiation (�h). The rate of elevation change represents the mean from 2000 to 2008 over the area analyzed in this study (Fig. 2 ) 
. Drivers of contrasting glacier variations
The changes in surface elevation (Figs 2 and 3 ) and terminus position (Fig. 4) indicate significantly different variations in GPM and GA. While GPM showed little change in terminus position and surface elevation, GA rapidly retreated and thinned during the study period. Below, we discuss the mechanism for the contrasting variations of these two glaciers by partitioning the mass balance into components (Table 1) . The three components of the mass-balance equation (C sfc , A sfc and D) in GA are smaller than those in GPM (Table 1) because GA is substantially smaller in dimension. Surface mass balance in the accumulation area (C sfc ) and calving flux (D) in GA are 11% and 13% respectively of those in GPM. Surface mass balance in the ablation area in GA is 36% of that in GPM, which is significantly greater than the other two components. Furthermore, the fraction of the negative mass balance in the ablation area to the total ablation A sfc /(A sfc -D) is 0.84 in GA, greater than the fraction in GPM (0.66). The fraction of surface mass balance in the accumulation and ablation areas (|A sfc /C sfc |) is greater in GA (2.27) than in GPM (0.72). These values indicate a relatively greater contribution of negative surface mass balance over the ablation area in the glacier-wide mass balance in GA. This analysis also suggests that A sfc is the primary reason for the contrasting response of GA and GPM despite similar climate conditions.
The contrasting mass-balance regimes of the two glaciers are affected by the AAR. The accumulation area of GA is very steep and small compared to the flat ablation area extending in the lower elevation area (Figs 2 and 5a) . In contrast, GPM has a relatively flat and large accumulation area (Figs 2 and 5a) . If we apply the ELA reported for GPM in 1999/2000 (1170 m a.s.l.; Stuefer and others, 2007) to the SRTM DEM, accumulation and ablation areas are 36.5 and 29.4 km 2 (AAR = 0.45) for GA, and 190.6 and 72.1 km 2 (AAR = 0.73) for GPM (Fig. 5a ). The mean AAR over the major calving glaciers in the SPI is 0.71 based on the AARs reported by De Angelis (2014) and for the glaciers listed in Aniya and others (1997) . The AAR of GA (0.45) is substantially smaller than the mean over the SPI, which resulted in the rapid retreat and thinning of this glacier. The AAR is small in GA because a large surface area is distributed slightly below the ELA (940 m a.s.l.) (De Angelis, 2014) . 28% of the surface area is at 800-1000 m a.s.l. (Fig. 5a ), which suggests that AAR is sensitive to recent increase in ELA. To investigate the sensitivity of mass balance to changes in ELA, we calculated surface accumulation and ablation based on the mass-balance profile reported by Stuefer and others (2007) (Fig. 5b) . We kept calving flux constant in this experiment. When ELA is elevated by 100 m (Fig. 5b) , the specific surface mass balance of GA decreases from -2.1 m w.e. a -1 to -3.5 m w.e. a -1 (Table 2) . Mass balance of GPM also decreases (from 1.0 m w.e. a -1 to 0.2 m w.e. a -1 ), but the magnitude of the change is smaller. It is likely that the AAR plays a critical role in the greater sensitivity of GA because the decrease in AAR is greater (from 0.45 to 0.39) than for GPM (0.73 to 0.70). Mass balance and AAR of GA are also more sensitive to lowering ELA (-100 m). Results indicate that GA is more sensitive to climate forcing because of the characteristic surface area distribution (Fig. 5a) .
Calving glaciers are expected to advance, irrespective of climatic forcing, when AAR exceeds 0.8 (Post and others, 2011) . The AAR of GPM is similar to this number, thus explaining the stability of this glacier. The AAR of GPM (0.73) is slightly larger than the mean for SPI (0.71; De Angelis, 2014) , probably because of the geometry of the terminus region. Since GPM calves into two lakes, further advance was difficult in the past, and AAR has remained relatively constant and large. This is a plausible reason why GPM has shown no significant retreat compared to GA and other retreating glaciers in Patagonia.
Glacier fate
We believe that GA will continue to retreat in the future, because accumulation is not sufficient to counterbalance melting in the large ablation area. If we assume the surface mass balance and ELA in 1999/2000 (Stuefer and others, 2007) , surface mass balance in the accumulation and ablation areas (C sfc and A sfc ) balance when the terminus retreats to 700-800 m a.s.l. It takes �100 years to reach this condition under the retreat rate observed for 1999-2012 (56 m a -1 ). In fact, further retreat is necessary to reach the steady state because the accumulation area shrinks as the glacier thins and the surface lowers. We neglect calving flux (D) in the calculation because it currently accounts for only 20% of the total ablation and will likely decrease as the terminus retreats from the lake. Further, Rasmussen and others (2007) discussed the importance of transition from solid to liquid precipitation under a warming climate. Because of the large area at low elevations, GA is more sensitive to such influence of temperature rise on snow accumulation.
Immediate change is not likely at GPM because AAR is large and the glacier has been stable for a long time in this geometry. Indeed, GPM thickened near the terminus in 2000-08 (Fig. 3) . Presumably, ice is thickening in this region because the glacier is buttressed by Peninsula Magallanes. This hypothesis is supported by the fact that three damming events occurred between 2000 and 2008, whereas no event occurred in the 1990s (Stuefer and others, 2007) . Our analysis demonstrates that contribution of the calving flux to the total ablation is relatively large (36%; Table 1), and thus glacier dynamics near the terminus may play a key role in future glacier change. Once the glacier accelerates, as has been observed in other calving glaciers in the SPI (Rivera and others, 2012; Sakakibara and others, 2013; Sakakibara and Sugiyama, 2014) , mass that is currently balanced would be altered in a way that causes the glacier to thin and retreat. Such a change can be triggered by meltwater increase and Table 2 . Glacier-wide specific surface mass balance (C sfc + A sfc )/S and AAR calculated for the ELA reported for 1999/2000 (1170 m a.s.l.) (Stuefer and others, 2007) thinning of the glacier, because ice speed in the lower reaches of GPM is very sensitive to the effective pressure, i.e. ice overburden pressure minus subglacial water pressure (Sugiyama and others, 2011) . Thus, glacier dynamics should be carefully monitored to predict a rapid change of GPM in the future.
CONCLUSIONS
We studied recent variations in GPM and GA in the SPI, and discussed the drivers of contrasting response of these two glaciers under similar climatic conditions. We measured surface elevation changes by comparing the SRTM DEM in 2000 and ALOS DEM in 2008 generated in this study. Changes in terminus positions were analyzed from 1999 and 2012 with Landsat 5 and 7 images. The results indicated significantly different variations in GPM and GA. Only small changes occurred both in the surface elevation (+0.4 m a -1 over the lower 35% area) and the terminus position (+26 m from 1999 to 2012) in GPM. In contrast, the surface lowered at a rate of 2.6 m a -1 from 2000 to 2008 over the lower 75% area in GA, and total retreat from 1999 to 2012 was 723 m. Three components of the glacier-wide mass balance were computed to investigate the contrasting glacier variations. GA has a large mass loss in the ablation area, which exerts strong control on the glacier-wide mass balance. These mass-balance regimes are due to the small AAR (0.45) in GA compared to that in GPM (0.73). Sensitivity experiments indicated that mass balance and AAR of GA are more sensitive to changes in ELA. We conclude that GA is rapidly retreating and thinning under the influence of melting over the large ablation area, whereas GPM is stable at the current geometry since AAR is large enough to maintain the glacierwide mass balance. The result is consistent with previous studies of these two glaciers (e.g. Stuefer and others, 2007) . Our analysis confirms an important role of AAR in the glacier retreat and thinning in Patagonia (e.g. De Angelis, 2014) and suggests possible use of this parameter for predicting the future of glaciers in Patagonia.
